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Abstract. The interannual variability of the sea ice transport through Fram 
Strait is simulated with a dynamic-thermodynamic sea ice model. Forcing with 
daily varying wind fields for the 7-year period 1986-1992 causes a high variability 
of sea ice drift on timescales from days to years. Annual means of simulated ice 
•ransport through Fram Strait differ up to a factor of 2. Additional sensitivity 
studies investigate the response of sea ice transports to variations of the prescribed 
atmospheric and oceanic forcing. Wind speed, ocean current speed, air temperature, 
and precipitation rate are systematically varied over a wide range. The model 
predicts an almost linear relation of ice transport with wind speed and ocean 
current, a strong, nonlinear relation with air temperature, and a rather small 
sensitivity to changes in precipitation. The results show that the interannual 
variability of wind forcing causes considerable variations of sea ice export through 
Fram Strait. The fluxes of fleshwater and negative latent heat associated with the 
sea ice transport can significantly affect the ocean circulation in the Greenland 
Sea and in the North Atlantic. This shows how variations of the ocean circulation 
a•e coupled to the variability of the atmosphere by the mechanism of sea ice 
advection. To adequately represent these important interactions in the coupled 
system atmosphere-cryosphere-ocean, both the dynamics and the thermodynamics 
of sea ice must be included in climate models. 
1. Introduction 
Sea ice plays an important role in the climate system 
because of the high albedo for shortwave radiation, the 
thermal insulation that significantly reduces the heat 
flux from the ocean to the atmosphere, and the storage 
and transport of freshwater and negative latent heat. 
Sea ice export from the Arctic Ocean through Fram 
Strait into the Greenland Sea in the order of 0.1 Sv [Aa- 
gaard and Carmack, 1989], compared with river runoffs, 
is the second largest freshwater flux on Earth, exceeded 
only by the Amazon. The ice outflow through Fram 
Strait affects the North Atlantic circulation, one of the 
most important regions for the global conveyor belt and 
the whole climate system. 
To understand global climate dynamics, it is there- 
fore nescessary to know the extent of sea ice export out 
of the Arctic, its natural variability, and its sensitiv- 
ity to changes of the forcing. So far, only few, scat- 
tered observations are available for estimates of the ice 
transport through Fram Strait. Time series of these 
measurements usually cover only some months, hardly 
allowing investigations onthe long-term natural vari- 
ability of the ice export. Additionally, little is known 
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about the response of the ice export to variations in 
atmospheric forcing associated with natural or anthro- 
pogenic climate changes. A review of previous investi- 
gations is given in a separate section. 
Numerical models can partially fill the gap caused 
by the lack of observations, and give estimates of the 
modified role of sea ice under changing climatic condi- 
tions. The focus of this paper is to present the results 
of a large-scale numerical simulation of sea ice in the 
northern hemisphere with respect to sea ice transports, 
associated net freezing rates, and fluxes of freshwater 
and negative latent heat. 
The natural variability of ice exports caused by in- 
terannual variations of the wind field is analyzed with 
a dynamic-thermodynamic sea ice model. Additionally, 
sensitivity studies for 33 situations are carried out to 
investigate the response of the simulated ice transports 
to changes of the atmospheric forcing. Wind speed, 
ocean current, air temperature, and precipitation rate 
are systematically varied over a wide range covering the 
expected spectrum on climatological timescales. 
2. Model Description 
2.1. Sea Ice Physics 
The dynamic-thermodynamic model considers ea ice 
a two-dimensional continuum described by the mean ice 
thickness (ice volume per area) h, the ice concentration 
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(areal coverage) A, and the ice drift velocity u. It is 
based on the viscous-plastic model of ttibler [1979] with 
the thermodynamics following Parkir•son and Washing- 
ton [1979]. Several improvements regarding ice dynam- 
ics have been made: an upstream advection scheme 
to avoid negative ice thicknesses, no explicit diffusion, 
and drag coe•cients optimized by comparison with ob- 
served buoy drift [Harder and Lemke, 1994; Fischer, 
1995; Drinkwater et al., 1995; Harder, 1996; Kreyscher 
et al., 1997]. 
The evolution of the ice cover is given by the extended 
continuity equations 
Oh 
+ v. = 
OA 
a-T +v. (un) = (2) 
where Sn and SA axe the ther. modynamic source and 
sink terms. $t• is determined from an energy budget at 
the ice surface (including shortwave and !ongwave ra- 
diation, paxametrization of clouds) following Parkinson 
and Washington [1979] and the zero-layer approxima- 
tion of $emtner [1976] for the heat conduction through 
the ice. $A is paxametrized as an empirical function of 
Sh as described by Hibler [1979]. The ice concentration 
A is not allowed to exceed unity. 
A prognostic snow layer according to Owens and 
Lemke [1990] is also included. The evolution of the snow 
cover is determined from the additional extended con- 
tinuity equation 
Oh• 
at + v. - 
Here hs is the mean snow thickness (snow volume per 
area) analogous to the mean ice thickness h. $s rep- 
resents the sources and sinks of snow on the ice. Pre- 
scribed precipitation rates are the source of snow. Only 
precipitation over areas covered with sea ice and with 
surface air temperatures below the freezing point is as- 
sumed to add to the snow cover. 
The sink term for the snow is the same energy balance 
at the upper surface of the ice floe as used for the mean 
ice thickness h, except that the albedo takes a different 
value. It is assumed that the snow cover on an ice floe 
must totally melt before the ice starts to melt. That is, 
when the energy budget yields a surplus (caused by high 
solar radiation and warm air temperatures in summer), 
this excess energy reduces the snow cover, whereas the 
ice thickness is not yet affected. Once the snow has van- 
ished, the excess energy melts the ice, that is, decreases 
the mean ice thickness h. 
The ice drift velocity u is determined from the mo- 
mentum balance 
mu 
m•- - ra + v-•o - m fk x u + F - mgVH (4) 
where ra and •'w are the atmospheric and oceanic drags, 
-rafkx u is the Coriolis force depending on the ice mass 
per area ra and the Coriolis parameter f, F represents 
the internal forces of the ice, and -ragVH is the force 
due to the tilt of the ocean surface H, proportional to
the gravitational constant g.A viscous-plastic rheology 
with an elliptical yield curve according to Hibler [1979] 
describes the internal forces F as the divergence of the 
stress tensor. Atmospheric drag is given as 
according to boundary layer theory [e.g., McPhee, 1979], 
and similarly the oceanic drag is described as 
where Pa and P•v are the densities of air and water, ca 
and c•v are the drag coefficients, and ua and u•o are 
wind and ocean velocities. R is an orthogonal matrix 
that describes the deflection angles between drag and 
velocity of the forcing medium. These angles are • = 0 ø 
for the surface wind and 0 = 25 ø [McPhee, 1979] for the 
geostrophic ocean current. 
Values for drag coefficients are ca = 2.2 x 10 -a for 
the wind and c• = 5.5 x 10 -a for the ocean. Whereas 
the value of c•, determined from measurements dur- 
ing the Arctic Ice Dynamics Joint Experiment (AID- 
JEX) [McPhee, 1979], is the same as used by Hibler 
[1979], ca is significantly higher than in the Hibler [!979] 
model. Comparison of simulated ice drift with buoy' 
data [Harder, 1994, 1997] has shown the strong effect 
of the ratio ca/c•o on the ice drift. Best agreement 
between simulation and observations is obtained with 
ca/cw • 0.4 [Fischer, 1995; Kreyscher et al., 1997] as 
applied here. 
Sea surface tilt X7H is derived from the ocean current 
uw via geostrophy. This small term in the momentum 
equation has minor effects in the simulation and is in- 
cluded only for completeness. The same is true for the 
inertia term mDu/Dt on the left side of the momentum 
equation (4), as long as timescales not shorter than a 
day are considered. 
2.2. Model Grid and Forcing 
The model is run on a rotated spherical grid cov- 
ering the whole Arctic with a spatial resolution f 1 ø 
(approximately 110 km). Distortion of the shape of 
the grid cells from ideal squares i  minimized by laying 
the model equator through the geographical north pole, 
with the model's north pole in the Indian Ocean at 0øN 
60øE in geographical oordinates. A daily time step is 
applied. 
Atmospheric forcing fields (wind, air and dew point 
temperatures) are derived from the surface data set 
of the 6-hourly European Centre for Medium-Range 
Weather Forecasts (ECMWF) global analyses of the 
seven years 1986-1992. The ECMWF wind field, av- 
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eraged to daily mean values, shows a realistic rep- 
resentation f synoptic events and a good agreement 
with observations. The ECMWF analyses use the pres- 
sure measurements of ice drift buoys in polar regions, 
many of them deployed in the framework of the Inter- 
national Arctic Buoy Program (IABP). They provide 
for a fairly realistic pressure field, and thus for good 
estimates of the geostrophic wind. Hilmer [1997] com- 
pares the 2-m wind field of the data assimilation models 
of two different weather services: the ECMWF analy- 
ses and the National Centers for Environmental Pre- 
diction (NCEP)/National Center for Atmospheric Re- 
search (NCAR) reanalyses. On a monthly base, the 
wind fields are very similar. This is not unexpected be- 
cause both models use the same pressure data from ice 
buoys. Even on a daily base, both models yield similar 
wind fields, except that the exact locations of lows and 
highs differ in some cases. Also, some qualitative com- 
parisons of the ECMWF wind field with measurements 
on board R/V Polars•ern on cruises in polar oceans in 
both hemispheres have been made (M. Kreyscher and 
M. Windmiiller, personal communication, 1997). Al- 
though the measurements at more than 30 m height are 
not directly comparable with the 2-m wind analyses, a 
generally good agreement of wind speed and direction 
in model and analyses has been found. 
Further, the comparison of the simulated ice drift 
with observed ice buoy drift shows that the ECMWF 
wind field is realistic. Kreyscher et al. [1997] and Lemke 
e• al. [1997] compare the statistics of the simulated 
ice drift with observations of about 200 IABP buoys in 
1986-1992. They use the same model forced with 2-m 
ECMWF winds as app!ied here. It is found that the 
viscous-plastic sea ice model reproduces the observed 
drift speed statistics wel!. Harder [!997] shows a com- 
parison of simulated ice drift trajectories with nine ob- 
served IABP buoys. The model is able to reproduce the 
trajectories over periods as long as I year, with no infor- 
mation from the buoy observations helping the model. 
A similar comparison of simulated ice drift with the ob- 
served trajectory of Ice Station Weddell 1 is shown by 
Drinkwater tal. [1995]. The same model and the same 
ECMWF wind forcing are used, but here applied to the 
Southern Ocean. Similar to the Arctic, the model repro- 
duces the observed ice drift well. In summary, several 
comparisons with observations indicate that the simu- 
lated ice drift forced with ECMWF winds is reasonable, 
and that the ECMWF wind field matches the measure- 
ments obtained from ice buoys, ships, and ice stations. 
This does not hold true for the ECMWF air and 
dew point emperatures at 2 m height. Figure 1 shows 
the time series of ECMWF air temperature at the 
north pole as a representative example for ice-covered 
regions. Because ECMWF prescribes climatological 
monthly mean temperatures for sea ice surfaces with- 
out using the buoy temperature measurements, he 2- 
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Figure 1. Time series of the surface air temperature 
at 2 m height at the north pole in the analyses of the 
ECMWF model for the period 1986-1992. 
stant within each month, with artificial steps up to 10øC 
at the beginning of a new month. The summer period 
with temperatures close to the freezing point lasts for 
an unrealistic long period of 3 months (June 1 to Au- 
gust 31), whereas the observed summer period [•olony 
et al., 1992] lasts only about 2 months (June 15 to Au- 
gust 15). Mean summer air temperatures over sea ice 
are decreasing from a realistic 0øC in 1986 to an unre- 
alistic -2øC in 1992. 
To remove these undesirable effects due to changes 
in the ECMWF model, a correction for the ECMWF 
air and dew point temperatures is applied. Seven-year 
mean temperatures are calculated for each month of the 
year. Daily values are linearly interpolated between the 
corresponding monthly means. In the summer period 
from June 15 to August 15, air temperatures are not 
allowed to fall below 0øC. Dew point temperatures are 
adjusted accordingly so that the relative humidity of 
the air is conserved. 
This correction of ECMWF temperatures provides a 
reasonable quasi-climatological seasonal cycle without 
any interannual variability. Also, the prescribed annual 
mean ocean currents do not vary interannually. This 
limits the investigation of interannual variability here 
to variations in the wind field. Sensitivity studies, how- 
ever, can be performed with respect to changes in wind 
and ocean current speed, air temperature, and precipi- 
tation. 
Precipitation rate and cloudiness are described as 
spatially constant, climatological monthly means. Daily 
values are derived by linear interpolation. Precipitation 
data are taken from Vowinckel and Orvig [1970], cloud 
data from Ebert and Curry [1993]. The mixed layer 
is described by a simple one-dimensional model with a 
fixed mixed layer depth of 25.4 m. Spatially varying, 
temporally constant ocean currents and oceanic heat 
fluxes are taken from the coupled ice-ocean model of 
Hibler and Zhang [1994]. The oceanic heat flux varies 
between 1-2 W m -• in the central Arctic up to more 
than 100 W m -• in the eastern Greenland Sea. 
3. Standard Simulation 
In this section the simulation results regarding ice 
thickness, now thickness, ice drift, and net freezing rate 
are presented. 
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The standard simulation integrates the model equa- 
tions for 21 years, using three cycles of the 7-year forcing 
data from 1986-1992. Starting with an ice-free ocea. n, 
the model runs 14 spin-up years to reach a cyclostation- 
ary state, then another 7 years to obtain the simulation 
results. Only the last 7-year period, which does not sig- 
nificantly depend on the initial conditions, is considered 
here. 
Figure 2 shows the simulated mean ice thickness h 
in March 1992 as an example for the situation at the 
end of winter. Highest ice thicknesses exceeding 6 m 
are predicted north of Greenland and the Canadian 
Archipelago. Lowest values occur north of Siberia over 
the Eurasian Shelf, covered with ice about 2 m thick. 
A similar spatial distribution is found in summer (see 
Fig•re 3 for August 1992), but with ice thick•msses gen- 
erally decreased by ;dm•t 1 m. Large areas over the 
Eurasian Shelf are ice-ikec o,' covered with (on average) 
very thin ice. 
The overall pattern is in rcasona, bly good agreement 
with the observa, tions sl,own by Wadh, um$ [1994] and 
by Bourk • and McLaren [1992]. A simulaWd sea ice 
thickness of about 4 m at, the north pole also agrees with 
the measurements evaluated }•y McLarcn c! al. [1994]. 
A more quantitative validation of these ntodel results is 
given by Kr•?yscher e! al. [1997]. 
Figure • displays the ('ontours of simulated snow 
thickness h.• for April 1992. The snow ('over reaches 
its highest thi('kness at about this time a,t the end of 
winter. Snow thicknesses are in t, lte range of 10-40 cm 
with a. gradient from highest values north of Greenland 
to lowest values north of Siberia. The snow cover melts 
almost totally in summer. These model results agree 
with the observations shown by Barry ctal. [1993] and 
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Figure 3. Simulated mean ice thickness (meters)in 
August 1992. 
The annual mean of the ice drift speed in 1989, which 
is thc year with the strongest ice export in this simula- 
tion, is shown in Fig•re 5. A mean transport of sea ice 
from the Siberian region toward Greenland and further 
on thro, tgh Frams Strait can be clearly seen. It must 
l•e kept in mind that this annual mean drift is the long- 
term res•fit of strongly wtrying daily winds, with the ice 
drift on the timescale of days and weeks often strongly 
deviating fro,n the annual ,nea,•. 
Additionally, the interannual variability of ice drift 
velocities is high. This can be seen from Figure 6, which 
shows the simulated annual mean drift in 1987, a year 
with a weak simulated ice export. Again, a mean trans- 
port occurs from the Eurasian Shelf regions to Fram 
Strait. By comparing Figure 5 and Figure 6, variations 
in the strength and direction are found even for the 
annual mean drift. In 1987, the Beaufort Gyre visible 
in the ice drift is much more pronounced than in 1989, 
whereas the year 1989 shows a very broad and strong ice 
transport in the Transpolar Drift toward Fram Strait. 
This high variability of sea ice drift is also found for the 
other years of the simulation. 
A characteristic pattern of regions with net fleezing 
or net melting is established as a result of the long- 
term transports of sea ice with ice drift on timescales of
months and years. Figure 7 shows the spatial pattern 
of the net freezing rate (meters of sea ice locally frozen 
per year) as the mean value of all seven years in the 
simulation. Highest values over I m per year are found 
in the Eurasian region with seasonal ice cover, whereas 
moderate but still recognizable freezing in the central 
Arctic with thick, perennial ice is predicted. This gra- 
dient occurs because the heat transfer from the ocean 
to the atmosphere is significantly higher for open wa- 
ter than for ice-covered sea. Negative values of the net 
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Figure 4. Simulated mean snow thickness (meters) in 
April 1992. 
freezing rate, exceeding 3 m per year, are found in the 
Greenland Sea. They indicate a strong long-term mean 
melting of sea ice in this region, associated with a con- 
siderable input of freshwater and negative latent heat 
into the oceanic mixed layer. 
Most of the ice transport from the freezing regions 
north of Siberia t,o the melting regions in the Green- 
land Sea passes through Fram Strait. Thus, the flux 
of sea ice through Fram Strait is an appropriate mea- 
sure of the ice export out of the Arctic Ocean. As the 
ice drift velocity has been shown to have a significant 
180' 
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Figure 6. Simulated mean ice drift velocity in 1987. 
long-term variability, associated ice transports must be 
expected to show a similar variability, investigated in 
the following. 
4. Exports and Interannual Variability 
The sea ice transport T through Fram Strait is cal- 
culated for an almost zonal section S consisting of four 
aligned model grid cells at about 80øN from the north- 
180' 
O' - 2 
',- 5 
--- 10 cm/s 
Figure 5. Simulated mean ice drift velocity in 1989. 
Figure 7. Simulated growth rate (meters per year) 
of sea ice for the period 1986-1992. Negative values 
indicate melting. 
5600 HARDER ET AL.: MODELED SEA ICE TRANSPORT THROUGH FRAM STRAIT 




where x is the position along the section, •ñ is the 
southward ice drift component perpendicular to the sec- 
tion $, and •(x) is the mean ice thickness (mean floe 
thickness times areal coverage). T is a volume flux given 
in sverdrups (1Sv-106 m 3 s -z) or km 3 per year. 
The resolution of the model of about 110 km lim- 
its the accuracy of the simulated ice transport through 
Fram Strait, which is represented by four grid cells. On 
the other hand, this resolution allows the simulation to 
be run on a large model grid covering the whole Arc- 
tic over long time periods. Additionally, the relatively 
small CPU time required by the model (1 hour on a fast 
workstation for the standard simulation) allows many 
simulations to be run with systematically varied bound- 
ary conditions as shown in the sensitivity studies below. 
Southward transport of sea ice through Fram Strait is 
calculated for every day of the 1986-1992 period. These 
daily data combine two effects. First, the transport is 
proportional to the mean ice thickness h as a result of 
long-term thermodynamic and dynamic ice buildup on 
timescales of months and years. Second, the transport 
is proportional to the actual southward ice drift speed 
uñ with a high-frequency variability caused by the wind 
field on synoptic timescales of the order of days. 
As the focus here is the investigation of interannual 
variations, the high-frequency variations are smoothed 
out by calculation of monthly mean exports for the 
84 months of the simulation. This is the basis for 
the following analyses. The variability on timescales 
of months and years is fully included in the monthly 
averages. Single synoptic events that may move the ice 
northward one day and southward the next day are only 
considered as far as they contribute to the long-term sea 
ice transport. 
Seven-year means of sea ice export are calculated for 
each month of the year in order to distinguish between 
seasonal and interannual variations. Figure 8 shows this 
mean annual cycle. The seasonal variation with highest 
exports in winter, when the ice is thick and the driving 
storms are strong, is clearly visible. 
Interestingly, a dip related to sea ice rheology occurs 
in January and February. In the midst of winter, the sea 
ice becomes thick and very compact. This increases the 
internal forces associated with ice deformation, which 
tend to reduce the ice velocity and thus the ice outflow. 
At the beginning and the end of the winter, when the ice 
is less compact, outflow is possible with less resistance. 
The Z-year mean ice volume export, that is, the an- 
nual average of the mean seasonal cycle of Figure 8, is 
0.0855 Sv, or 2696 km 3 per year. This sea ice export 
out of the Arctic Ocean is associated with a transport 
of negative latent heat into the Greenland Sea of the or- 







Figure 8. Simulated mean seasonal cycle of sea ice 
transport (sverdrups) through Fram Strait at 80øN for 
the period 1986-1992. 
der of 20 TW, a considerable contribution tothe energy 
balance of this region. 
Considering the freshwater flux associated with this 
sea ice transport, it must be kept in mind that the den- 
sity of sea ice (approximately 900 kg m -3) is somewhat 
lower than that of seawater, and that sea ice is not pure 
freshwater but includes ome salt, resulting in a salinity 
of a few practical salinity units for sea ice. Thus, val- 
ues for freshwater fluxes with ice drift are some 10-20% 
smaller than the sea ice volume transports calculated 
here. 
Long-term observations of sea ice transports through 
Fram Strait needed to estimate the variability require 
simultaneous observations of ice thickness, areal ice cov- 
erage, and ice drift. In practice, these variables are 
often measured with different types of sensors and eval- 
uation methods (satellite data, upward looking sonars 
on moorings) at different locations and different imes 
and with differing resolution. Periods of really simul- 
taneous observations rarely exceed some months. This 
shows the need for enhanced efforts to acquire long-term 
observations of the ice transports. 
At the present stage, the natural variability of these 
sea ice transports can be investigated with numerical 
models. Figure 9 shows the simulated monthly anoma- 
lies of sea ice transport through Fram Strait for each of 
the 84 months of the ?-year period 1986-1992. Anoma- 
lies are defined as deviations of the mean transport for 
a specific month from the ?-year mean value for this 
month of a year (shown in Figure 8). 
Remarkably, the anomalies of monthly ice transports 
(Figure 9) are of the same order of about 0.1 Sv as the 
long-term mean transport. These anomalies are solely 
caused by fluctuations in the wind field, which is the 
only, but most important, daily and interannually vary- 
ing forcing variable in this simulation. 
Integrating the monthly mean ice exports to annual 
means for each of the seven years 1986-1992 (Figure 10) 
makes the high interannual variability even more clearly 
visible. For example, the annual mean export in 1989 is 
almost wice as large as in 1987'. The standard deviation 
of the annual means with respect to the ?-year mean 
value of 0.086 Sv is 0.018 Sv, or 21%. 
Whereas the absolute long-term value of the simu- 
lated mean ice exports depends on the accuracy of the 
model forcing as well as on the proper choice of model 
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Figure 9. Simulated monthly anomalies of sea ice 
transport (sverdrups) through Fram Strait at 80øN for 
the period 1986-1992. 
parameters, the important result of the high variability 
on timescales of months and years is much less sensi- 
tive. The high variability of sea ice export through Fram 
Strait, expressed as the ratio of its standard deviation 
by the long-term mean value, does not significantly vary 
with changes in forcing fields or model parameters. 
5. Sensitivity to Forcing 
Several simulations with varied prescribed boundary 
conditions have been performed to investigate the ef- 
fect of variations (or errors) in the forcing fields on the 
simulated sea ice transport through Fram Strait. The 
original forcing fields are overlaid with a systematically 
varied isturbance signal, and the response of the prog- 
nostic variables describing the sea ice cover is investi- 
gated. 
This method has some implicit restrictions. First, the 
disturbance signal is prescribed as spattally and tem- 
porally constant. This is a highly idealizing assump- 
tion which is neither expected nor intended to repre- 
sent the reaction of the real climate system to realis- 
tic changes in the forcing. Second, the simulations are 
performed with a stand-alone sea ice model with fixed 
oceanic and atmospheric boundary conditions, that is, 
feedback mechanisms are neglected. Despite the lim- 
itations, these simplifications are useful. The sea ice 
component is subjected to a clearly defined set of var- 
ied boundary conditions. This approach is similar to 
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l•igure 10. Annual mean sea ice transport (sverdrups) 
through Fram Strait at 80øN for the period 1986-1992. 
The 7-year mean value is 0.086 Sv with a standard e- 
viation of 0.018 Sv, or 21%. 
the sensitivity studies of Fischer and Lemke [1994] for 
a Weddell Sea ice model. A clear, quantifiable response 
of the prognostic sea ice variables to the modified forc- 
ing is obtained. The various feedback mechanisms that 
modify or even mask the original cause-response rela- 
tion in fully coupled climate models are excluded in 
these sensitivity studies. 
The interannual variability of sea ice exports caused 
by fluctuations in the wind field shows the importance 
of atmospheric forcing for ice transports. To investigate 
the influence of changes in ice transports due to varied 
forcing, 33 different scenarios have been simulated. The 
four forcing variables considered are wind speed (with- 
out change in wind direction), ocean current speed (also 
without change in direction), air temperature, and pre- 
cipitation rate. 
For each of the four sensitivity studies, one forcing 
variable is varied while the other ones are held constant 
at standard values. First, the wind speed is varied in 
the range between 0% and 200% referring to standard 
wind speed, with a step size of 25%. Second, the ocean 
current speed is varied in the same range between 0% 
and 200% of its standard value, again with a step size 
of 25%. In a third series of scenarios, air temperatures 
are varied in steps of IøC from-4øC to +4øC, compared 
with standard forcing. The fourth investigation consid- 
ers changes in precipitation rates between 0% and 200% 
of the standard precipitation, again with steps of 25%. 
These scenarios yie!d results that can be interpreted 
in two ways. First, the variations in forcing variables 
can be seen as deviations of the climate system from 
the present state. In this view, the experiments are 
regarded as investigations of previous, future, or hy- 
pothetical climate states. Second, the variations may 
represent errors in forcing data due to uncertainties in 
observations. From this viewpoint, the sensitivity stud- 
ies show the magnitude of the effects of errors in the 
forcing functions on the sea ice simulation. 
Figure 11 shows the response of sea ice exports to 
changes in wind speed, which is the main driving force 
for sea ice advection. This sensitivity study shows an 
almost linear correlation between ice export and wind 
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Figure 11. Sensitivity of simulated sea ice export 
through Fram Strait to variations in wind speed. 
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associated drag on the ice are very important for esti- 
mates of sea ice drift. 
The proportionaltry between ice export and wind 
speed is valid for a wide range of wind speed varia- 
tions. It is only for small wind speeds that the linear 
relation no longer accurately applies. When the wind is 
very weak, the wind-driven forcing can no longer over- 
come the resistance of the ice cover to deformation. In 
this case, the ice drift is dominated by ocean currents. 
The (annual mean) ocean drag is generally too weak 
to break up a compact ice cover, and thus is only ac- 
tive when the ice compactness i  reduced and internal 
forces are small. When there is no wind at all and 
the ocean current is the only driving force, Figure 11 
gives an ice export of 0.004 Sv, only about 5% of the 
standard simulation value. (The transport caused by 
ocean currents alone may be significantly larger when 
strong short-term fluctuations of the ocean current are 
included, for example, in a coupled ice-ocean model.) 
The effects of variations in the magnitude of the ocean 
current on sea ice transport are shown in Figure 12. 
Similar to the effect of wind forcing, a linear relation 
between ocean current and ice transport through Fram 
Strait is found. But two striking differences, compared 
with variations of wind speed, are found for the ocean 
current speed: First, the ice transport is not zero when 
the ocean current is turned off. In this case, the ice 
transport (caused by daily wind forcing only) is still 
0.0573 Sv, or 67% of its standard value. Second, the 
sensitivity of the ice transport on the ocean current in- 
dicated by the slope of the curve in Figure 12 is not as 
large as for the wind field (Figure 1!). Uncertainties 
or changes in wind speed appear to have a larger effect 
on the ice transport than variations in ocean current 
speed. Although this study is limited by the different 
timescales of the applied daily winds and temporally 
constant ocean currents, it seems physically reasonable 
that synoptic weather events related to short-term vari- 
ations in wind speed (and direction, which is not inves- 
tigated here) have a stronger impact on sea ice dynam- 
ics than the ocean. While the atmosphere forces ice 
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Figure 12. Sensitivity of simulated sea ice export 
through Fram Strait to variations in ocean current 
speed. 
dynamics: Ocean currents are a cause of sea ice motion, 
but the importance of friction in the ocean mixed layer 
dampening ice drift is often of the same order or even 
larger than the effect of driving ocean currents. 
Figure 13 shows the effect of changing air tempera- 
tures on sea ice exports. There is a negative correlation: 
Higher temperatures reduce the mean ice thickness and 
areal coverage, leading to less ice export. Lower tem- 
peratures have the opposite ffect. In the vicinity of the 
standard simulation, an increase (decrease) in air tem- 
perature by IøC is accompanied by a decrease (increase) 
in ice export of the order of 30%. 
When larger variations in air temperature are con- 
sidered, this linear relation no longer holds true. For 
air temperatures below-2øC, the ice export becomes 
almost independent of the air temperature, and does 
not exceed approximately 0.15 Sv. The reason is the 
buildup of a compact ice cover over the whole Arctic 
even in summer, with the strong insulating effects of 
the ice compactness and thickness prohibiting further 
ice growth. A similar phenomenon is observed in the 
Weddell Sea ice model of Fischer [1995]. 
Strong increases in air temperatures up to 4øC rep- 
resent the other extreme of the scenarios hown in Fig- 
ure 13. Air temperatures in summer then are warm 
enough to melt the ice almost totally, yielding a sea- 
sonal ice cover for the entire Arctic. But in winter, the 
cold temperatures of about -35øC at the north pole are 
not substantially affected by an increase of 4 ø C. In this 
case, the ice export mainly depends on the amount of 
first-year ice frozen in winter, with the ice cover almost 
vanishing in summer. 
While these simulation results are considered as im- 
portant estimates of the effects of climate change, the 
limitations of a numerical simulation must be kept in 
mind. Observational data, which are presently rare, 
are required to verify the model results and to optimize 
the model parameters. Additionally, the quality of the 
forcing data, with the deficits hown above, must be 
increased [Fischer and Lemke, 1994]. 
The effects of modified precipitation rates on ice ex- 
ports are shown in Figure 14. More precipitation i - 
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Figure 13. Sensitivity ofsimulated sea ice export 
through Fram Strait to variations in air temperature. 
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Figure 14. Sensitivity of simulated sea ice export 
through Fram Strait to variations in precipitation rate. 
ice thickness by thermal insulation, and thus leading 
to lower transports. This negative correlation between 
precipitation rate and exports is clearly visible in Fig- 
ure 14. 
However, the effect of varied precipitation is relatively 
small. Without any precipitation, the sea ice export is 
increased by 9% compared with the standard simula- 
tion. Similarly, the ice export is decreased by the same 
amount of 9% when the precipitation is increased to 
twice the standard value. Thus, the model predicts that 
changes in precipitation rates cause only minor modifi- 
cations of sea ice transports. 
6. Comparison With Other Simulations 
and Observations 
Several authors estimated the ice transport through 
Fram Strait from models for different periods and with 
different resolutions. Simulations of sea ice transport 
started with the dynamic-thermodynamic sea ice model 
of Hibler [1979] which has since been applied to periods 
from the 1950s to present. The ttibler [1979] model 
predicted a Fram Strait ice outflow of 3220 km 3 per 
year, or 0.10 Sv. 
A numerical simulation of ice transport for the period 
!951-1980 has been Performed by Walsh et al. [1985]. 
The model has a resolution of 220 km and is forced 
with NCAR atmospheric fields given on a grid with 5 ø 
resolution. The long-term mean outflow for the years 
!951-1980 has been calculated as only 0.044 Sv, which 
is significantly smaller than most other estimates from 
models or observations. Insufficiencies in forcing fields 
as well as in model parameters may have caused these 
discrepancies. Walsh et al. [1985, p. 4860] suggest 
"that the excessive summer melt in the model simula- 
tions results in unrealistically ow rates of ice export 
during summer". This shows that absolute values of 
transports depend on the model configuration. 
Walsh et al. [1985] find that the simulated ice volume 
transport through Fram Strait varies by factors of 2-3 
in successive years, and the simulated summer xport is 
0nly 12.2% as large as the winter export. Both results 
are also found in the model applied here. 
First studies with the present model yielded a long- 
term Fram Strait ice export of 0.14 Sv for the period 
1986-1992 [Harder, 1996]. Later it was found that 
the ice thickness at the north pole exceeded the ob- 
served values given by McLaren et al. [1994]. This was 
partially attributed to insufficiencies in the prescribed 
ocean current, and partially to inadequate model pa- 
rameters (for example, ice strength, time constant for 
freezing of open leads). These problems have been cor- 
rected by using the ocean current from the coupled ice- 
ocean model of Hibler and Zhang [1994], and by adjust- 
ing the model parameters [Kreyscher et al., 1997] so 
that the simulated ice thickness matches the observa- 
tions. While absolute values of sea ice transport depend 
on the model configuration, other physical properties 
such as temporal variability and sensitivity to forcing 
variables seem to be less sensitive. The years with ex- 
traordinarily large or small exports remained the same 
for all simulations not too far off the standard case. 
IarSkkinen [1993] performs a numerical simulation of 
Fram Strait ice outflow with a coupled ice-ocean model 
for the years 1955-1975. The model of HSkkinen [1993] 
shows that anomalies in the wind forcing are a major 
source of extraordinarily high sea ice transport through 
Fram Strait in 1959, 1962, and 1968. This ice out- 
flow supposedly caused an excessive ice cover in the 
Greenland Sea and related freshwater anomalies. The 
mean ice thickness at the north pole of less than 2 m 
in the simulation of HSkkinen [1993] is smaller than the 
observed climatological ice thickness of about 3-4 m 
[McLaren e• al., 1994]. HSkkinen [1993] suggests hat 
the ice transport through Fram Strait and its anoma- 
lies might thus be underestimated. Although the sim- 
ulation of HSkkinen [1993] is not for the same period 
as the present study, the results are in good agreement: 
Anomalies of the wind field are shown to cause anoma- 
lies in sea ice transports of the order of the Great Salin- 
ity Anomaly (GSA) [e.g., Dickson et al., 1988; Legutke, 
1991], and the GSA observed in the late 1960s and 
1970s seems to be a regular phenomenon of the internal 
variability of the climate system rather than a singular 
event. The year-to-year variations in sea ice transport 
in the present simulation for 1986-1992 are of the or- 
der of 1000 km s, about half the estimated value of the 
GSA [Dickson et al., 1988]. Longer time series of at- 
mospheric forcing data, especially the reanalyses from 
NCEP/NCAR and ECMWF, will be used in future sim- 
ulations to detect the variability on decadal timescales. 
A number of articles deal with related issues. The 
sensitivity of a dynamic-thermodynamic sea ice model 
and the variability on multidecadal timescales (1960- 
1988) has been investigated by Chapman et al. [1994]. 
Hgikkinen and Mellor [1992] study the seasonal variabil- 
ity of the Arctic sea ice cover with a coupled ice-ocean 
model. Holland et al. [1993] perform a large number of 
sensitivity experiments with a coupled ice-ocean model. 
Due to the high consumption of computer time: they in- 
vestigated only the extreme cases for parameter values 
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and for different treatment of physical processes. Flem- 
ing and $emtner [1991] study the effect of interannual 
ocean forcing in a coupled ice-ocean model. They show 
that the inclusion of an interactive ocean yields a signif- 
icant improvement compared against a simulation with 
a prescribed ocean as used here. Flato [1995] investi- 
gates the spatial and temporal variability of Arctic ice 
thickness on long timescales with the ice model of Flato 
and Hibler [1992] applied to the period 1951-1990. All 
these studies show the high interannual variability of 
the ice thickness. However, these authors do not calcu- 
late the sea ice volume flux through Fram Strait. 
A comparison with observed sea ice fluxes is required 
to verify and optimize the numerical simulations. Ob- 
servations of ice transports are available for some se- 
lected regions for the last few years. These data are 
usually derived from observations of sea ice drift, ex- 
tent, percentage of areal coverage, and thickness ob- 
tained from different sensors with different spatial and 
temporal resolution. A review of existing observations 
and simulations for the Arctic climate system is given 
by Barry et al. [1993]. 
Wadhams [1983] gives one of the firsi' estimates of
Fram Strait ice export based on observations. He cal- 
culates a volume flux of 6200 km 3 per year, or 0.29 Sv. 
This value is much higher than more recent estimates. 
One reason for the difference is Wadham's [1983] as- 
sumption of a relatively high ice thickness of 4.06 m, 
while the measurements of Vinje et al. [1998] show a 
4-year mean cross-strait ice thickness of only 2.60 m. 
Aagaard and Carmack [1989] estimate the magnitude 
of sea ice transport through Fram Strait as about 0.1 Sv. 
The mean export in the present simulation (0.086 Sv), 
which does not cover the same period, is 14% smaller. 
As the model has a standard deviation of 18% for the 
annual means 1986-1992 due to the high natural vari- 
ability of the sea ice transport, the simulation results 
are well in the range of the estimate of Aagaard and 
Carmack [1989]. 
Vinje and Finnekdsa [1986] derive a transport of 
about 5000 km 3 per year, or 0.16 Sv, across 81øN for 
1976-1984. However, this relies on an assumed ice 
thickness of 3.65 m, which later had to be corrected 
by a factor of 0.7 (T. Vinje, personal communication, 
1997). The new, corrected value of about 3500 km 3 per 
year, or 0.11 Sv, is in fair agreement with the simu- 
lation. Vinje et al. [1998] estimate a mean ice trans- 
port of 2843 km s per year, or 0.09 Sv. This estimate 
is based on velocities derived from satellite images for 
1993-1995 and buoy velocities for 1976-1994, and ice 
maps and upward-looking sonar ice thickness measure- 
ments for 1990-1996. They also find a strong year-to- 
year variation up to about 130%, indicating that ab- 
solute values of transports are only comparable if they 
cover the same period. A relatively high transport of 
4687 km s per year, or 0.145 Sv, is estimated for 1994- 
1995, while their value for 1990-1991 is only 2046 km s 
per year, or 0.065 Sv. 
Martin [1996] derives the ice transport hrough Fram 
Strait from satellite measurements ofice concentrations 
and drift velocities. Ice thickness, for which measure- 
ments were not available for this study, had to be 
assumed. The mean ice volume flux through Fram 
Strait at about 79 ø has been estimated as 0.068 Sv 
for the period 1993-1994 with an assumed mean ice 
thickness of 3 m. This value for 1993-1994 is about 
20% smaller than the simulated long-term value for 
1986-1992. Martin [1996] also determines the sea- 
sonal cycle of the ice transport. He calculates mean 
values for the four seasons (January-March, April- 
June, July-September, October-December) considering 
all data from 1993 and 1994. He finds (p. 103) that 
"during the summer months the flux is reduced by a 
factor of ten compared to the autumn in the area of 
Fram Strait". This result agrees well with the simulated 
seasonal cycle shown in Figure 8 where the summer val- 
ues of ice export are smaller by an order of magnitude 
compared with the winter situation. 
7. Discussion and Conclusions 
A numerical simulation of sea ice transport hrough 
Fram Strait is integrated for the seven years 1986-1992. 
Interannual variability and sensitivity to atmospheric 
forcing, both of which are only sparsely covered by 
observational data, are investigated with a dynamic- 
thermodynamic sea ice model. 
The simulation shows a high interannual variation of 
ice transports on timescales of months and years, caused 
by fluctuations in the wind field. A standard deviation 
of 21% is predicted for the annual means of ice export. 
In years with high exports, the exported sea ice amounts 
to twice the value of that in years with small exports. 
This sea ice transport through Fram Strait is the sec- 
ond largest freshwater flux on Earth, affecting the fresh- 
water input into the North Atlantic and therefore the 
global climate dynamics. Aargaard and Carmack [1989] 
point out that a sea ice outflow increased by 25% out 
of the Arctic Ocean for a period of 2 years would be 
sufficient to establish a freshwater anomaly as large as 
the Great Salinity Anomaly [e.g., Dickson et al., 1988; 
Legutke, 1991] that could be traced for a decade. The 
simulations how that even within the range of normal 
variability, anomalies half as large are a regular part of 
the natural variability of the climate system. Larger 
anomalies hould occur with less but still recognizable 
frequency. As far as sea ice transport is concerned, 
the model results suggest hat variations in freshwa- 
ter fluxes, as the Great Salinity Anomaly, are regular 
phenomena of fluctuations on decadal timescales. 
Walsh and Johnson [1979] analyze Arctic sea ice 
fluctuations for 1953-1977 and describe the variabil- 
ity of the ice cover with empirical orthogonal func- 
tions. Walsh and Chapman [1990] calculate a statis- 
tically significant correlation between sea ice anoma- 
lies in the Greenland Sea and surface pressure anoma, 
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lies. They find that two almost independent pressure 
anomalies are responsible for sea ice anomalies in the 
Greenland Sea: the local forcing by pressure anomalies 
in southern Greenland and the large-scale sea ice circu- 
lation forced by pressure anomalies in the central Arc- 
tic. Walsh and Chapman [1990] suggest that events like 
the "Great Salinity Anomaly" are caused by st coinci- 
dence ofboth pressure anomalies imultaneously acting 
in the same direction. They explain the "Great Salinity 
Anomaly" by an extraordinarily large pressure anomaly 
in the late 1960s, but they also find somewhat smaller 
but still important anomalies in the early 1940s and 
1980s. This might support the hypothesis that events 
like the "Great Salinity Anomaly" are regular phenom- 
ena of natural variability. 
The high interannual variability in the simulations 
suggests that special care should be taken that all ob- 
servations entering estimates of sea ice transports orig- 
inate from the same time period. The strongly flucrat- 
ing wind field and the associated, mainly wind-driven 
ice drift are especially important for calculations of ice 
transports. Using estimates of wind stress from differ- 
ent time periods may result in large errors. 
For a better validation of the model results, new 
measurements of ice transport through Fram Strait (T. 
Vinje, personal communication, 1997) will be compared 
with the simulations. This model validation is part of 
the Sea Ice Model Intercomparison Project [Lemke et 
al., 1997], with the first results shown by Kreyscher 
eta!. [1997]. Longer periods of atmospheric forc- 
ing are now becoming available from the reanalyses 
of NCEP/NCAR and ECMWF and enable better es- 
timates of the variability of the climate system on dif- 
ferent timescales [Harder et al., 1997]. 
Sensitivity studies have been performed to investi- 
gate the influence of changes in atmospheric forcing 
to sea ice transports. Wind and ocean current speed, 
air temperature, and precipitation rate have been var- 
ied over a wide range. The simulation results show a 
strong, almost linear dependence of sea ice export on 
wind and ocean current speed, a negative, nonlinear e- 
lation between air temperature and ice export, and a 
rather weak, negative correlation between precipitation 
and ice exports. 
This result emphasizes the need to include dynam- 
ics, in addition to thermodynamics, in investigations 
and numerical simulations of the global dimate system. 
The response of sea ice transpokts to changes in wind 
speed is of the same order as the response to changes in 
air temperatures. It is therefore necessary not only to 
estimate he amount of global warming due to natural 
or anthropogenic modifications of the current climate 
state, but also to predict he dynamics of modified wind 
fields and their effect on the ocean surface and global 
transports. 
Regarding the representation f sea ice in climate 
models, only models including sea ice dynamics are 
capable of representing the large fluxes of freshwater 
and latent heat associated with sea ice drift. The sim- 
ulations show that the magnitude of these transports 
is of considerable importance in driving the global cli- 
mate system, and that changes in other components of 
the climate system cause considerable responses of the 
cryosphere. Thus, realistic climate simulations require 
a representation of both the dynamics and the thermo- 
dynamics of sea ice. 
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